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Abstract
We propose the study of the inclusive production of two Λ hyperons or a sin-
gle Λ-particle in association with a jet, featuring high transverse momenta and
large separation in rapidity, as a probe channel of the resummation of energy loga-
rithms in the QCD perturbative series. We give predictions, shaped on kinematic
ranges typical of CMS and of the backward CASTOR detector, for cross section
and azimuthal-correlation moments between the two emitted objects, showing how
considering the tag of Λ baryons eases the comparison between theoretical results























The study of basic properties and decay channels of baryon particles is widely recognized
as a landmark to deepen our knowledge of strong interactions. Inside the baryon family,
a very interesting class of particles is represented by hyperons, namely hadrons whose
lowest Fock state contains one or more strange valence quarks. The apparent anomaly
observed in decay times of kaons and hyperons inspired physicists of the middle of the
last century first to introduce the strangeness conservation law [1–5], then to organize
hadrons via the eightfold way [6, 7]. Nowadays, studies on hyperons are relevant in the
search for CP -violation signatures and exotic states, as well as in spectroscopy and spin
analyses.
Λ hyperons have been subject of intense investigation in the last years (see Refs. [8, 9]
for an overview). As an example, single-spin asymmetries in unpolarized hadron collisions
have been first observed in the case of Λ emissions, then confirmed in the detection of
several other hyperons. Here, although QCD dynamics at partonic level forbids any
sizeable asymmetry [10, 11], Λ particles produced in the beam fragmentation region are
largely polarized along the direction orthogonal to the production plane. This effect still
represents an unsolved puzzle [12] and many studies on the connection between spin and
non-perturbative distributions have been carried out so far. It is even more puzzling that
such effect is not confirmed in electron-proton and electron-nucleus collisions: data for
semi-inclusive deep-inelastic scattering (SIDIS) from NOMAD [16] and ZEUS [17] show
spin asymmetries compatible with zero, though within large uncertainties. Analyses on
collinear polarized Λ fragmentation functions (FFs) and on the transverse-momentum-
dependent (TMD)1 polarizing Λ FF have been made in Ref. [18–21] and in Refs. [22–25],
respectively. A first extraction of the polarizing Λ FF can be found in Ref. [26]. In
Ref. [27] it was highlighted that measurements of Λ polarization states in deep-inelastic
configurations may shed light on dynamical mechanisms invoked to explain the proton
spin puzzle [28].
In the studies listed above Λ particles are detected in final-state configurations fea-
turing relatively small rapidities (or rapidity intervals) and large Feynman variables (say,
xF & 0.2).
When outgoing particles are emitted in forward rapidity regions of detectors, low-x
dynamics naturally comes into play. In the Regge limit, namely where the center-of-mass
energy squared, s, is definitely larger than the Mandelstam t, large energy logarithms
enter the perturbative series in the strong coupling, αs, with a power increasing with the
order. This spoils the convergence of pure fixed-order analyses in collinear factorization,
calling for an all-order resummation action. The Balitsky–Fadin–Kuraev–Lipatov (BFKL)
formalism [29–32] provides us with a rigorous way to resum to all orders these large-
energy logarithms both in the leading approximation (LLA), which means (αs ln s)
n type
1For a review on TMD factorization see, e.g., Refs. [13–15] and references therein.
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logarithms, and in the next-to-leading approximation (NLA), which means αs(αs ln s)
n
type ones. In the BFKL approach, the imaginary part the amplitude of a hadronic process
reads as an elegant convolution between two impact factors, depicting the transition from
each parent particle to the corresponding final-state object, and a gluon Green’s function.
The latter is process independent and it is controlled by an integral evolution equation, its
kernel being known in the next-to-leading-order approximation (NLO) [33–38]. Impact
factors depend both on the initial and on the final-state particle [39–43], therefore they
need to be calculated process by process and only few of them are know with NLO
accuracy.
Diffractive semi-hard reactions [44], namely diffractive processes which exhibit the
following scale hierarchy,
√
s  {Q}  ΛQCD ({Q} is a (set of) process-characteristic
hard scale(s), while ΛQCD the is QCD scale), are widely recognized as golden channels to
test the high-energy limit of strong interactions via the BFKL resummation. This stems
from the fact that large final-state rapidities or rapidity distances, typical of diffractive
final states, increase the weight of contributions proportional to ln(s) in the semi-hard
regime. Two distinct classes of diffractive semi-hard final states can be singled out: single
forward emissions and forward/backward two-particle detections. To the first class, the
exclusive leptoproduction of a light vector meson [45–53], the inclusive hadroproduction
of a bottom-quark [54], the exclusive photoproduction of a quarkonium [55, 56] and the
inclusive forward Drell–Yan dilepton production [57–59] belong. On the other hand, a
wide range of processes pertaining to the second class has been proposed in the last years
(see Refs. [60, 61] for a review): the two-meson exclusive leptoproduction [62–65], the total
cross section of two deeply-virtual photons [66], the inclusive hadroproduction of two jets
emitted with high transverse momenta and large rapidity separation (Mueller–Navelet
configuration [67]), for which several phenomenological analyses have been realized so
far [68–84], the inclusive multi-jet hadroproduction [85–93], the inclusive emission of two
light-charged hadrons [94–97], J/Ψ-jet [98], hadron-jet [99–101], Higgs-jet [102], Drell–
Yan-jet [103, 104] and heavy-flavored di-jet photo- [105, 106] and hadroproduction [107].
The BFKL resummation still represents a powerful tool to improve our understanding
of the proton structure at small-x. First, it allowed to define and study an unintegrated
gluon distribution (UGD) [108], written as a convolution of the gluon Green’s function
and the non-perturbative proton impact factor (for a study on DIS structure functions,
see Ref. [109]). Then, it gave the chance to improve the description of collinear parton
distribution functions (PDFs) at NLO and next-to-NLO (NNLO) through the inclusion
of NLA resummation effects [110–112]. Ultimately, it permitted to predict the small-x
behavior of TMD gluon distributions [113].
In this paper we propose the inclusive emission of Λ hyperons in diffractive semi-hard
configurations as an additional channel to probe the high-energy resummation in the
kinematic ranges typical of current and upcoming experimental studies at the LHC. In
particular, we focus on final states featuring the emission of a forward (backward) Λ par-
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ticle accompanied by another Λ (panel a) of Fig. 1) or by a jet (panel b) of Fig. 1) tagged
in backward (forward) directions. The final-state inclusiveness is warranted by the emis-
sion of undetected hard gluons strongly ordered in rapidity. Similar configurations have
been extensively investigated with NLA accuracy in the context of di-hadron [61, 97]
and hadron-jet [61, 99] correlations. Nevertheless, the detection of Λ baryons brings
several benefits. First, it allows us to quench minimum-bias effects better than emis-
sions of lighter charged hadrons [99], thus easing the comparison with experimental data.
Moreover, it affords us the opportunity to access naturally asymmetric final-state kine-
matic configurations2, an essential ingredient to discriminate BFKL from other resumma-
tions [61, 79, 80]. Then, it provides us with a complementary channel to further probe and
constrain collinear FFs describing the production mechanism of unpolarized Λ hyperons,
which currently represents an important challenge in the enhancement of our knowledge
of QCD. Generally, it enriches the collection of semi-hard reactions which can serve as a
testfield of the dynamics of strong interactions in the high-energy limit.
Our task is to estimate the feasibility of such studies, calculating values of cross sec-
tions and azimuthal angle correlations. In what follows we will use the MOM scheme for
the strong coupling renormalization with Brodsky–Lepage–Mackenzie (BLM) optimiza-
tion [115] of the renormalization scale fixing, because earlier such approach to BFKL
resummation proved to be successful in the description of recent LHC data on Mueller–
Navelet jet production.
2 Inclusive diffractive production of Λ hyperons
A general formula for the final states under investigation can be presented as:
proton(p1) + proton(p2)→ Λ(k1, y1) +X + P2(k2, y2) , (1)
where a Λ hyperon3 is always detected in association with another Λ or a jet, P2 ≡ {Λ, jet}
(panels a) and b) of Fig. 1). Both final-state particles feature large transverse momenta,
|~k1,2| ≡ κ1,2  ΛQCD, and consistent distance in rapidity, Y ≡ y1 − y2. Furthermore a
secondary, inclusive hadronic subsystem, X, is mostly produced in more central regions
of rapidity. The protons’ momenta, p1,2 are taken as Sudakov vectors satisfying p
2
1,2 = 0
and (p1p2) = s/2, allowing for a suitable decomposition of the momenta of the produced
objects:
k1,2 = x1,2p1,2 +
~k21,2
x1,2s
p2,1 + k1,2⊥ , k21,2⊥ = −~k21,2 ≡ −κ21,2 . (2)
2The rise of collinear contaminations due to relatively small rapidity intervals in the (Λ-Λ) channel can
be compensated by considering (Λ-jet) configurations, with the jet tagged by CMS or by the CASTOR
ultra-backward detector.
3In our numerical calculations below we will always present results for the sum of baryon and an-



























a) (Λ-Λ) channel b) (Λ-jet) channel
Figure 1: Diagrammatic representation of the inclusive diffractive (Λ-Λ) and of the (Λ-jet)
hadroproduction (panels a) and b), respectively). Final-state objects are produced in the
fragmentation region of the corresponding parent hadrons, together with secondary gluon
emission in the central-rapidity range.
In the center-of-mass system, the final-state longitudinal momentum fractions, x1,2,




dy1,2 = ±dx1,2x1,2 , and Y = y1−y2 = ln x1x2sκ1κ2 , here the space part of the four-vector p1‖ being
taken positive.
















where the (s, t) indices run over the parton kinds (quarks q = u, d, s, c, b; antiquarks
q¯ = u¯, d¯, s¯, c¯, b¯; or gluon g), fs,t (x, µF1,2) are the initial proton PDFs; x1,2 stand for the
longitudinal fractions of the partons involved in the hard subprocess, whereas µF1 (µF2)
is the factorization scale characteristic of the fragmentation region of the upper (lower)
parent proton in panels of Fig. 1; dσˆs,t (sˆ, µF1,2) denotes the partonic cross section and
sˆ ≡ x1x2s is the squared center-of-mass energy of the partonic collision.
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2.1 High-energy resummed cross section
In the BFKL approach the cross section is suitably given (see Ref. [70] for the details of













where ϑ1,2 are the azimuthal angle of the tagged particles and ϕ = ϑ1 − ϑ2 − pi. A NLA-
BFKL consistent formula for the azimuthal-angle averaged cross section, CNLA0 , and for
the other coefficients, CNLAn≥1 , can be presented in the momentum renormalization (MOM)
scheme (whose definition is related to the three-gluon vertex, an essential ingredient of






























1 + αMOMs (µR)
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c¯1(n, ν, κ1, x1)
c1(n, ν, κ1, x1)
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[
c¯2(n, ν, κ2, x2)







Here, the MOM expression for the running coupling can be obtained from the correspond-
ing one in the MS scheme via
αMOMs (µR) = −
pi









































where I = −2 ∫ 1
0
du ln(u)
u2−u+1 ' 2.3439 and ξ is a gauge parameter, fixed at zero in the
following. Furthermore, Nc is the color number and CA = Nc, β0 =
11/3Nc − 2/3nf is the
first coefficient of the QCD β-function, with nf is the active-flavor number,
χ (n, ν) = 2ψ (1)− 2 Re {ψ (n/2 + 1/2 + iν)} (8)
stands for the leading-order (LO) BFKL characteristic function, χ¯(n, ν) is the eigenvalue
of NLA BFKL kernel [114] and its expression can be found, e.g. in Eq. (23) of Ref. [70],
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c1,2(n, ν) depict the LO forward particle impact factor in the “so-called” (n, ν)-repre-
sentation. The Λ-emission is described at LO by the light-hadron impact factor, which
reads


































where DΛi (xΛ/α) is the FF for the Λ-particle “generated” in the final state with lon-
gitudinal fraction xΛ, from hadronization of the parton i with longitudinal fraction α.
Analogously, the tagged jet is depicted by the corresponding LO impact factor















The remaining functions are the β0-independent parts of the NLO impact factor correc-
tions, c¯Λ,J(n, ν, |κΛ,J |, xΛ,J) , their formulas being given in Eqs. (4.58)-(4.65) of Ref. [94]
and in Eq. (36) of Ref. [70], respectively. For brevity, we do not show here the dependen-
cies of the impact factors on the renormalization and factorization scales.
The peculiar form of Eq. (5) turns up as an outcome of the BLM [115] scale-optimization
method4, which prescribes to take the “optimal” renormalization scale, µ¯, as the value
that lead to the vanishing of the non-conformal, β0-dependent terms in the expression
for the observable of interest. The concurrent presence of these terms both in the NLA
BFKL gluon Green’s function and in the NLO impact-factor corrections makes the BLM
scale non-universal, but rather dependent on energy [77]. The operational criterion for
the BLM scale setting is to fix µ¯ as the solution of the following integral equation































= 0 , (11)
where








c1(n, ν, κ1, x1)













4In this paper we limit ourselves to give the final expression for the azimuthal coefficients in the MOM
scheme with BLM optimization. The interested reader can find the formal derivation in Section 3 of
Ref. [77].
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and Φ1,2 is the phase space of the particles produced in the final state (see Section 2.2).
We choose µ¯ in the form of a multiple of the geometric mean of the two natural scales of
the process, µ¯ = dR
√
κ1κ2, and look for the values of dR which solve Eq. (11). Then, we
plug the found value for the renormalization scale (which can be arbitrarily chosen within
NLA accuracy) into the expression of the azimuthal coefficients, and we set µF1,2 = µR,
as assumed by most of the existent PDF parametrizations.
We compare our NLA BFKL results with fixed-order predictions based on an effective
high-energy DGLAP calculation (for more details on its derivation, see Refs. [61, 79]),
where the CDGLAPn azimuthal coefficients are introduced as truncation to the O(α3s) order
of the corresponding NLA BFKL ones, CNLAn , up to the inclusion of terms beyond the
LO accuracy. This permits to pick the leading-power asymptotic features of a pure NLO
DGLAP description, discarding at the same time those terms which are dampened by
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where the BFKL exponentiated kernel has been replaced by its expansion up to terms
proportional to αs(µR).
2.2 Final-state observables
We integrate the azimuthal coefficients, Cn, over the phase space of the two final-state
















where the integration over the rapidity of the second particle, y2, has been removed by
imposing the delta condition, δ(Y −(y1−y2)). Here, Cn and Cn indistinctly refer to the cor-
responding NLA BFKL calculations (Eq. (5)) or the high-energy DGLAP ones (Eq. (13)).
We consider realistic kinematic configurations, suggested by recent experimental analyses
at the LHC. In our study, Λ particles are detected (both (Λ-Λ) and (Λ-jet) channels) in the
symmetric rapidity range from −2.0 to 2.0 and feature transverse momenta larger than
10 GeV, according to the typical CMS measurements for the Λb baryon [116], that we use
as a proxy for the detection of Λ hyperons. Then, two possibilities for the jet emission
((Λ-jet) channel) are considered: a) the symmetric CMS-jet case [117], with |yJ | < 4.7
and 35 GeV < κJ < κ
max
J,CMS = 60 GeV; b) the ultra-backward (with respect to CMS
rapidity acceptances) CASTOR-jet configuration [118], namely when the jet is tagged by
7
the CASTOR detector with −6.6 < yJ < −5.2 and 10 GeV < κJ < κmaxJ,CST ' 17.68 GeV.
The upper bounds of κJ are constrained by requiring that xJ ≤ 1, whereas the value
adopted for the upper bound of κΛ, κ
max
Λ,CMS = 21.5 GeV, is constrained by the lower
cutoff of the FF sets (see below). The final-state observables under investigation are
the the ϕ-averaged cross section, C0, and the azimuthal ratios, Rnm ≡ Cn/Cm. Among
them, the Rn0 ratios have an immediate physical interpretation, being the correlation
moments, 〈cosnϕ〉, while the ones without indices equal to zero correspond to ratios of
cosines, 〈cosnϕ〉/〈cosmϕ〉 [119, 120]. We study the Y -dependence of our observables at√
s = 13 TeV and in the range, Y ≥ 1.5.
2.3 Numerical analysis and discussion
The numerical analysis was performed using the JetHad [61] modular interface, suited to
the analysis of inclusive semi-hard reactions. PDFs were calculated through MMHT2014nlo
parameterizations [121] as provided by LHAPDFv6.2.1 [122], while AKK2008nlo FF rou-
tines [123] were selected to describe Λ-baryon emissions. Error bands in our plots return
the numerical uncertainty rising from the multidimensional integration over the final-
state phase space. All calculations were done in the MOM scheme, while a two-loop
running-coupling choice with αs (MZ) = 0.11707 and dynamic-flavor threshold was made.
Our predictions for the Y -dependence of ϕ-averaged cross sections, C0, in all the con-
sidered production channels and kinematic configurations (Fig. 2) unambiguously state
that the usual onset of the BFKL dynamics has come into play. Although the high-energy
resummation leads to a rise with energy of the purely partonic cross section, the net effect
of the convolution with PDFs (and FFs) is a downtrend with Y of both LLA and NLA
predictions. At the same time, next-to-leading corrections have opposite sign with respect
to the leading ones, thus making NLA results constantly lower than pure LLA ones. The
main outcome of our results comes, however, from the comparison between Λ-hyperon
emission(s) and lighter charged-hadron detections(s) – pions, kaons or protons – whose
theoretical description exactly matches the setup of Section 2.1, the BFKL partonic cross
section being convoluted with the respective hadron FFs as provided by the AKK2008nlo
sets. Cross sections in the (Λ-Λ) (Fig. 2 a)) and in the (Λ-jet) (Fig. 2 b)) channels are
steadily lower with respect to the di-hadron and the hadron-jet ones, from one (pions
and kaons) to three orders of magnitude (protons). This, together with the fact that
the lower experimental cutoff for the Λ-particle identification is larger than the corre-
sponding one for the light-hadron tagging (10 GeV versus 5 GeV, respectively), definitely
validates our assertion on the opportunity to dampen, from the experimental point of
view, minimum-bias contaminations. Considering Λ-hyperon emissions in the final states
makes the comparison with data easier.
In the next figures we present the Y -dependence of some azimuthal-correlation mo-
ments, Rnm ≡ Cn/Cm, in the (Λ-Λ) channel (Fig. 3) and in the (Λ-jet) one, for both the
CMS-jet (Fig. 4) and the CASTOR-jet (Fig. 5) final-state ranges. Here, the emission of
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undetected gluons (the-X subsystem in Eq. (1)) increases with the final-state rapidity
interval, Y , thus leading to the falloff with Y of all the azimuthal correlations. Next-
to-leading corrections are responsible for a “recorrelation” the Rnm ratios, thus making
the NLA results larger than the pure-LLA ones. In all the considered figures, the value
of R10 exceeds one in the case of small rapidity distance, an obvious unphysical effect
due to the fact that, for those Y -values, the validity of the BFKL approach is pushed
to its limit. Having recovered the usual high-energy trend for the azimuthal correlations
corroborates the validity of our theoretical approach, suited to the description of lighter
charged hadrons, its validity being evidently holding also in the analysis of Λ hyperons.
Finally, in Fig. 6 we compare our BFKL predictions for R10 and R20 in the (Λ-jet) chan-
nel with the corresponding ones obtained in the high-energy limit of DGLAP. Panels a)
of Fig. 6 show the Y -behavior of the two azimuthal ratios in the CMS-jet configuration,
whereas the CASTOR-jet event-selection case is presented in panels b). As expected, a
net distance between BFKL and DGLAP emerges and becomes more and more evident
as the rapidity distance, Y , grows. At variance with BFKL, in the DGLAP case only a
limited number of gluons, fixed by the truncation order of the perturbative series, can be
inclusively emitted. The choice of two distinct final-state objects, namely a Λ hyperon
and a jet, naturally translates in an asymmetric selection for the transverse-momentum
ranges. This quenches the Born contribution and enhances the discrepancy between the
two approaches. The overall outcome of this dedicated BFKL-vs-DGLAP analysis in the
(Λ-jet) channel is in line with patterns found in the Mueller–Navelet channel [79] as well as
in the case of inclusive light-charged hadron detection accompanied by a jet emission [61].
3 Closing statements
By proposing the inclusive detection of Λ hyperons (with possible associated-jet emis-
sion) in the forward kinematic ranges of the LHC, we enriched the selection of semi-hard
processes which can serve as a testing ground for the high-energy resummation, neces-
sary ingredient in the investigation of the high-energy limit of strong interactions. We
performed a full NLA BFKL analysis of cross sections and azimuthal-angle correlations
between the detected objects, finding in the dependence of these quantities on the final-
state rapidity distance the usual onset of the high-energy dynamics. We proved that cross
sections for (Λ-Λ) and (Λ-jet) production channels are from one to three orders of magni-
tude lower with respect to the ones typical of the light-charged di-hadron and hadron-jet
reactions, respectively. This allows for an easier comparison with experimental data, by
suppressing the contamination of the so-called minimum-bias events. In view of these
results, we suggest experimental collaborations to consider the inclusion of the Λ-hyperon
detection in the analyses of hadron(-jet) production in the LHC kinematic ranges sensitive
to high-energy resummation physics.
9
Acknowledgments
We thank Marco Radici for useful discussions on the physics of Λ hyperons. F.G.C.
acknowledges support from the Italian Ministry of Education, Universities and Research
under the FARE grant “3DGLUE” (n. R16XKPHL3N) and from the INFN/NINPHA
project. A.P. acknowledges support from the INFN/QFT@COLLIDERS project.
References
[1] A. Pais, Phys. Rev. 86 (1952), 663-672
[2] T. Nakano, K. Nishijima, Prog. Theor. Phys. 10 (1953), 581-582
[3] K. Nishijima, Prog. Theor. Phys. 13 (1955) no.3, 285-304
[4] M. Gell-Mann, Nuovo Cim. 4 (1956) no.S2, 848-866
[5] M. Gell-Mann, A. Pais, Phys. Rev. 97 (1955), 1387-1389
[6] M. Gell-Mann, doi:10.2172/4008239
[7] Y. Ne’eman, Nucl. Phys. 26 (1961), 222-229
[8] J. Soffer, Int. J. Mod. Phys. A 18 (2003), 1219-1228
[9] C. Boros, J.T. Londergan, A.W. Thomas, Phys. Rev. D 61 (2000), 014007 [arXiv:hep-
ph/9908260 [hep-ph]].
[10] W.G.D. Dharmaratna, G.R. Goldstein, Phys. Rev. D 41 (1990), 1731
[11] W.G.D. Dharmaratna, G.R. Goldstein, Phys. Rev. D 53 (1996), 1073-1086
[12] J. Soffer, [arXiv:hep-ph/9911373 [hep-ph]].
[13] T.C. Rogers, Eur. Phys. J. A 52 (2016) no.6, 153 [arXiv:1509.04766 [hep-ph]].
[14] M. Diehl, Eur. Phys. J. A 52 (2016) no.6, 149 [arXiv:1512.01328 [hep-ph]].
[15] M.G. Echevarria, T. Kasemets, P.J. Mulders, C. Pisano, JHEP 07 (2015), 158
[arXiv:1502.05354 [hep-ph]].
[16] P. Astier et al. [NOMAD], Nucl. Phys. B 588 (2000), 3-36.
[17] S. Chekanov et al. [ZEUS], Eur. Phys. J. C 51 (2007), 1-23 [arXiv:hep-ex/0612023
[hep-ex]].
10
[18] A. Kotzinian, A. Bravar, D. von Harrach, Eur. Phys. J. C 2 (1998), 329-337
[arXiv:hep-ph/9701384 [hep-ph]].
[19] D. de Florian, M. Stratmann, W. Vogelsang, Phys. Rev. Lett. 81 (1998), 530-533
[arXiv:hep-ph/9802432 [hep-ph]].
[20] M. Anselmino, M. Boglione, F. Murgia, Phys. Lett. B 481 (2000), 253-262 [arXiv:hep-
ph/0001307 [hep-ph]].
[21] M. Anselmino, M. Boglione, U. D’Alesio, E. Leader, F. Murgia, Phys. Lett. B 509
(2001), 246-252 [arXiv:hep-ph/0102119 [hep-ph]].
[22] P. J. Mulders and R. D. Tangerman, Nucl. Phys. B 461 (1996), 197-237 Erratum:
[Nucl. Phys. B 484 (1997) 538-540] [arXiv:hep-ph/9510301 [hep-ph]],
[23] M. Anselmino, D. Boer, U. D’Alesio, F. Murgia, Phys. Rev. D 63 (2001), 054029
[arXiv:hep-ph/0008186 [hep-ph]].
[24] M. Anselmino, D. Boer, U. D’Alesio, F. Murgia, Phys. Rev. D 65 (2002), 114014
[arXiv:hep-ph/0109186 [hep-ph]].
[25] M. Anselmino, R. Kishore, A. Mukherjee, Phys. Rev. D 100 (2019) no.1, 014029
[arXiv:1905.02777 [hep-ph]].
[26] U. D’Alesio, F. Murgia, M. Zaccheddu, [arXiv:2003.01128 [hep-ph]].
[27] J.R. Ellis, D. Kharzeev, A. Kotzinian, Z. Phys. C 69 (1996), 467-474 [arXiv:hep-
ph/9506280 [hep-ph]].
[28] J. Ashman et al. [European Muon], Phys. Lett. B 206 (1988), 364
[29] V.S. Fadin, E. Kuraev, L.N. Lipatov, Phys. Lett. B 60, (1975) 50.
[30] E. Kuraev, L.N. Lipatov, V.S. Fadin, Zh. Eksp. Teor. Fiz. 71 (1976) 840 [Sov. Phys.
JETP 44, (1976) 443].
[31] E. Kuraev, L.N. Lipatov, V.S. Fadin, Zh. Eksp. Teor. Fiz. 72 (1976) 377 [Sov. Phys.
JETP 45, (1977) 199].
[32] I. Balitsky, L.N. Lipatov, Sov. J. Nucl. Phys. 28, (1978) 822.
[33] V.S. Fadin, L.N. Lipatov, Phys. Lett. B 429 (1998) 127 [hep-ph/9802290].
[34] M. Ciafaloni, G. Camici, Phys. Lett. B 430 (1998) 349 [hep-ph/9803389].
[35] V.S. Fadin, R. Fiore, A. Papa, Phys. Rev. D 60 (1999) 074025 [hep-ph/9812456].
11
[36] V.S. Fadin, D.A. Gorbachev, JETP Lett. 71 (2000) 222 [Pisma Zh. Eksp. Teor. Fiz.
71 (2000) 322] [Yad. Fiz. 63 (12) (2000) 1].
[37] V.S. Fadin, R. Fiore, Phys. Lett. B 610 (2005) 61 Erratum: [Phys. Lett. B 621
(2005) 320] [hep-ph/0412386].
[38] V.S. Fadin, R. Fiore, Phys. Rev. D 72 (2005) 014018 [hep-ph/0502045].
[39] V.S. Fadin, R. Fiore, M.I. Kotsky, A. Papa, Phys. Lett. D 61 (2000) 094005
[arXiv:9908264 [hep-ph]].
[40] V.S. Fadin, R. Fiore, M.I. Kotsky, A. Papa, Phys. Lett. D 61 (2000) 094006
[arXiv:9908265 [hep-ph]].
[41] M. Ciafaloni, Phys. Lett. B 429, (1998) 363 [hep-ph/9801322].
[42] M. Ciafaloni, D. Colferai, Nucl. Phys. B 538, (1999) 187 [hep-ph/9806350].
[43] M. Ciafaloni, G. Rodrigo, JHEP 0005 (2000) 042 [hep-ph/0004033].
[44] L.V. Gribov, E.M. Levin, M.G. Ryskin, Phys. Rept. 100 (1983) 1.
[45] I.V. Anikin, D.Yu. Ivanov, B. Pire, L. Szymanowski, S. Wallon, Nucl. Phys. B 828
(2010) 1 [arXiv:0909.4090 [hep-ph]].
[46] I.V. Anikin, A. Besse, D.Yu. Ivanov, B. Pire, L. Szymanowski, S. Wallon, Phys. Rev.
D 84 (2011) 054004 [arXiv:1105.1761 [hep-ph]].
[47] A. Besse, L. Szymanowski, S. Wallon, Nucl. Phys. B 867 (2013) 19 [arXiv:1204.2281
[hep-ph]].
[48] A. Besse, L. Szymanowski, S. Wallon, JHEP 1311 (2013) 062 [arXiv:1302.1766 [hep-
ph]].
[49] A.D. Bolognino, F.G. Celiberto, D.Yu. Ivanov, A. Papa, Eur. Phys. J. C 78 (2018)
no.12, 1023 [arXiv:1808.02395 [hep-ph]].
[50] A.D. Bolognino, F.G. Celiberto, D.Yu. Ivanov, A. Papa, Frascati Phys. Ser. 67 (2018)
76 [arXiv:1808.02958 [hep-ph]].
[51] A.D. Bolognino, F.G. Celiberto, D.Yu. Ivanov, A. Papa, Acta Phys. Polon. Supp. 12
(2019) no.4, 891 [arXiv:1902.04520 [hep-ph]].
[52] F.G. Celiberto, Nuovo Cim. C 42 (2019) 220 [arXiv:1912.11313 [hep-ph]].
[53] A.D. Bolognino, A. Szczurek, W. Scha¨fer, Phys. Rev. D 101 (2020) no.5, 054041
[arXiv:1912.06507 [hep-ph]].
12
[54] G. Chachamis, M. Dea´k, M. Hentschinski, G. Rodrigo, A. Sabio Vera, JHEP 1509
(2015) 123 [arXiv:1507.05778 [hep-ph]].
[55] I. Bautista, A. Fernandez Tellez, M. Hentschinski, Phys. Rev. D 94 (2016) no.5,
054002 [arXiv:1607.05203 [hep-ph]].
[56] A. Arroyo Garcia, M. Hentschinski, K. Kutak, Phys. Lett. B 795 (2019) 569
[arXiv:1904.04394 [hep-ph]].
[57] L. Motyka, M. Sadzikowski, T. Stebel, JHEP 1505 (2015) 087 [arXiv:1412.4675 [hep-
ph]].
[58] D. Brzeminski, L. Motyka, M. Sadzikowski, T. Stebel, JHEP 1701 (2017) 005
[arXiv:1611.04449 [hep-ph]].
[59] F.G. Celiberto, D. Gordo Go´mez, A. Sabio Vera, Phys. Lett. B 786 (2018) 201
[arXiv:1808.09511 [hep-ph]].
[60] F.G. Celiberto, PhD thesis, arXiv:1707.04315 [hep-ph].
[61] F.G. Celiberto, [arXiv:2008.07378 [hep-ph]].
[62] D.Yu. Ivanov, M.I. Kotsky, A. Papa, Eur. Phys. J. C 38 (2004) 195 [hep-ph/0405297].
[63] D.Yu. Ivanov, A. Papa, Nucl. Phys. B 732 (2006) 183 [hep-ph/0508162].
[64] D.Yu. Ivanov, A. Papa, Eur. Phys. J. C 49 (2007) 947 [hep-ph/0610042].
[65] R. Enberg, B. Pire, L. Szymanowski, S. Wallon, Eur. Phys. J. C 45 (2006) 759
Erratum: [Eur. Phys. J. C 51 (2007) 1015] [hep-ph/0508134].
[66] D.Yu. Ivanov, B. Murdaca and A. Papa, JHEP 10 (2014), 058 [arXiv:1407.8447
[hep-ph]].
[67] A.H. Mueller, H. Navelet, Nucl. Phys. B 282, 727 (1987).
[68] C. Marquet, C. Royon, Phys. Rev. D 79 (2009), 034028 [arXiv:0704.3409 [hep-ph]].
[69] D. Colferai, F. Schwennsen, L. Szymanowski, S. Wallon, JHEP 1012 (2010) 026
[arXiv:1002.1365 [hep-ph]].
[70] F. Caporale, D.Yu. Ivanov, B. Murdaca, A. Papa, Nucl. Phys. B 877 (2013) 73
[arXiv:1211.7225 [hep-ph]].
[71] B. Ducloue´, L. Szymanowski, S. Wallon, JHEP 1305 (2013) 096 [arXiv:1302.7012
[hep-ph]].
13
[72] B. Ducloue´, L. Szymanowski, S. Wallon, Phys. Rev. Lett. 112 (2014) 082003
[arXiv:1309.3229 [hep-ph]].
[73] F. Caporale, B. Murdaca, A. Sabio Vera, C. Salas, Nucl. Phys. B 875 (2013) 134
[arXiv:1305.4620 [hep-ph]].
[74] B. Ducloue´, L. Szymanowski, S. Wallon, Phys. Lett. B 738 (2014) 311
[arXiv:1407.6593 [hep-ph]].
[75] F. Caporale, D.Yu. Ivanov, B. Murdaca, A. Papa, Eur. Phys. J. C 74, no. 10, 3084
(2014) [Eur. Phys. J. C 75, no. 11, 535 (2015)] [arXiv:1407.8431 [hep-ph]].
[76] D. Colferai, A. Niccoli, JHEP 1504 (2015) 071 [arXiv:1501.07442 [hep-ph]].
[77] F. Caporale, D.Yu. Ivanov, B. Murdaca, A. Papa, Phys. Rev. D 91 (2015) no.11,
114009 [arXiv:1504.06471 [hep-ph]].
[78] B. Ducloue´, L. Szymanowski and S. Wallon, Phys. Rev. D 92 (2015) no.7, 076002
[arXiv:1507.04735 [hep-ph]].
[79] F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa, Eur. Phys. J. C 75 (2015) no.6,
292 [arXiv:1504.08233 [hep-ph]].
[80] F.G. Celiberto, D.Yu. Ivanov, B. Murdaca and A. Papa, Acta Phys. Polon. Supp. 8
(2015) 935 [arXiv:1510.01626 [hep-ph]].
[81] F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa, Eur. Phys. J. C 76 (2016) no.4,
224 [arXiv:1601.07847 [hep-ph]].
[82] F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa, PoS DIS 2016 (2016) 176
[arXiv:1606.08892 [hep-ph]].
[83] F. Caporale, F.G. Celiberto, G. Chachamis, D. Gordo Go´mez, A. Sabio Vera, Nucl.
Phys. B 935 (2018) 412 [arXiv:1806.06309 [hep-ph]].
[84] G. Chachamis, arXiv:1512.04430 [hep-ph].
[85] F. Caporale, G. Chachamis, B. Murdaca, A. Sabio Vera, Phys. Rev. Lett. 116 (2016)
no.1, 012001 [arXiv:1508.07711 [hep-ph]].
[86] F. Caporale, F.G. Celiberto, G. Chachamis, A. Sabio Vera, Eur. Phys. J. C 76 (2016)
no.3, 165 [arXiv:1512.03364 [hep-ph]].
[87] F. Caporale, F.G. Celiberto, G. Chachamis, D. Gordo. Go´mez, A. Sabio Vera, Nucl.
Phys. B 910 (2016) 374 [arXiv:1603.07785 [hep-ph]].
14
[88] F. Caporale, F.G. Celiberto, G. Chachamis, A. Sabio Vera, PoS DIS 2016 (2016)
177 [arXiv:1610.01880 [hep-ph]].
[89] F. Caporale, F.G. Celiberto, G. Chachamis, D. Gordo Go´mez, A. Sabio Vera, Eur.
Phys. J. C 77 (2017) no.1, 5 arXiv:1606.00574 [hep-ph].
[90] F.G. Celiberto, Frascati Phys. Ser. 63 (2016) 43 [arXiv:1606.07327 [hep-ph]].
[91] F. Caporale, F.G. Celiberto, G. Chachamis, D. Gordo Gomez, A. Sabio Vera, AIP
Conf. Proc. 1819 (2017) no.1, 060009 [arXiv:1611.04813 [hep-ph]].
[92] F. Caporale, F.G. Celiberto, G. Chachamis, D. Gordo Go´mez, A. Sabio Vera, EPJ
Web Conf. 164 (2017) 07027 [arXiv:1612.02771 [hep-ph]].
[93] F. Caporale, F.G. Celiberto, G. Chachamis, D. Gordo Go´mez, A. Sabio Vera, Phys.
Rev. D 95 (2017) no.7, 074007 [arXiv:1612.05428 [hep-ph]].
[94] D.Yu. Ivanov, A. Papa, JHEP 1207 (2012) 045 [arXiv:1205.6068 [hep-ph]].
[95] F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa, Phys. Rev. D 94 (2016) no.3,
034013 [arXiv:1604.08013 [hep-ph]].
[96] F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa, AIP Conf. Proc. 1819 (2017)
no.1, 060005 [arXiv:1611.04811 [hep-ph]].
[97] F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa, Eur. Phys. J. C 77 (2017) no.6,
382 [arXiv:1701.05077 [hep-ph]].
[98] R. Boussarie, B. Ducloue´, L. Szymanowski, S. Wallon, Phys. Rev. D 97 (2018) no.1,
014008 [arXiv:1709.01380 [hep-ph]].
[99] A.D. Bolognino, F.G. Celiberto, D.Yu. Ivanov, M.M.A. Mohammed, A. Papa, Eur.
Phys. J. C 78 (2018) no.9, 772 [arXiv:1808.05483 [hep-ph]].
[100] A.D. Bolognino, F.G. Celiberto, D.Yu. Ivanov, M.M.A. Mohammed, A. Papa, Acta
Phys. Polon. Supp. 12 (2019) no.4, 773 [arXiv:1902.04511 [hep-ph]].
[101] A.D. Bolognino, F.G. Celiberto, D.Yu. Ivanov, M.M.A. Mohammed, A. Papa, PoS
DIS 2019 (2019) 049 [arXiv:1906.11800 [hep-ph]].
[102] F.G. Celiberto, D.Yu. Ivanov, M.M.A. Mohammed, A. Papa, [arXiv:2008.00501
[hep-ph]].
[103] K. Golec-Biernat, L. Motyka, T. Stebel, JHEP 1812 (2018) 091 [arXiv:1811.04361
[hep-ph]].
15
[104] M. Deak, A. van Hameren, H. Jung, A. Kusina, K. Kutak, M. Serino, Phys. Rev.
D 99 (2019) no.9, 094011 [arXiv:1809.03854 [hep-ph]].
[105] F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa, Phys. Lett. B 777 (2018) 141
[arXiv:1709.10032 [hep-ph]].
[106] A.D. Bolognino, F.G. Celiberto, M. Fucilla, D.Yu. Ivanov, B. Murdaca, A. Papa,
PoS DIS 2019 (2019) 067 [arXiv:1906.05940 [hep-ph]].
[107] A.D. Bolognino, F.G. Celiberto, M. Fucilla, D.Yu. Ivanov, A. Papa, Eur. Phys. J.
C 79 (2019) no.11, 939 [arXiv:1909.03068 [hep-ph]].
[108] J.R. Forshaw, D.A. Ross, Cambridge Lect. Notes Phys. 9 (1997), 1-248
[109] M. Hentschinski, A. Sabio Vera, C. Salas, Phys. Rev. Lett. 110 (2013) no.4, 041601
[arXiv:1209.1353 [hep-ph]].
[110] R.D. Ball, V. Bertone, M. Bonvini, S. Marzani, J. Rojo, L. Rottoli, Eur. Phys. J.
C 78 (2018) no.4, 321 [arXiv:1710.05935 [hep-ph]].
[111] H. Abdolmaleki et al. [xFitter Developers’ Team], Eur. Phys. J. C 78 (2018) no.8,
621 [arXiv:1802.00064 [hep-ph]].
[112] M. Bonvini, F. Giuli, Eur. Phys. J. Plus 134 (2019) no.10, 531 [arXiv:1902.11125
[hep-ph]].
[113] A. Bacchetta, F.G. Celiberto, M. Radici, P. Taels, Eur. Phys. J. C 80 (2020) no.8,
733 [arXiv:2005.02288 [hep-ph]].
[114] A.V. Kotikov and L.N. Lipatov, Nucl. Phys. B 582, 19 (2000) [hep-ph/0004008].
[115] S.J. Brodsky, F. Hautmann, D.E. Soper, Phys. Rev. Lett. 78, 803 (1997) Erratum:
[Phys. Rev. Lett. 79, 3544 (1997)]; Phys. Rev. D 56, 6957 (1997); S.J. Brodsky,
V.S. Fadin, V.T. Kim, L.N. Lipatov, G.B. Pivovarov, JETP Lett. 70, 155 (1999);
JETP Lett. 76, 249 (2002).
[116] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 714 (2012) 136
[arXiv:1205.0594 [hep-ex]].
[117] V. Khachatryan et al. [CMS Collaboration], JHEP 1608 (2016) 139
[arXiv:1601.06713 [hep-ex]].
[118] CMS Collaboration [CMS Collaboration], CMS-PAS-FSQ-16-003.
[119] A. Sabio Vera, Nucl. Phys. B 746 (2006) 1 [hep-ph/0602250].
16
[120] A. Sabio Vera, F. Schwennsen, Nucl. Phys. B 776 (2007) 170 [hep-ph/0702158
[HEP-PH]].
[121] L.A. Harland-Lang, A.D. Martin, P. Motylinski, R.S. Thorne, Eur. Phys. J. C 75
(2015) no.5, 204 [arXiv:1412.3989 [hep-ph]].
[122] A. Buckley, J. Ferrando, S. Lloyd, K. Nordstro¨m, B. Page, M. Ru¨fenacht,
M. Scho¨nherr, G. Watt, Eur. Phys. J. C 75 (2015) 132 [arXiv:1412.7420 [hep-ph]].
[123] S. Albino, B.A. Kniehl, G. Kramer, Nucl. Phys. B 803, (2008) 42 [arXiv:0803.2768
[hep-ph]].
17
1.5 2.0 2.5 3.0 3.5
















µF1,2 = µR = µ
BLM
R
10 GeV < κΛ1,Λ2 < κ
max
Λ,CMS
|yΛ1,Λ2 | < 2.0
√
s = 13 TeV
JETHAD v0.3.1










2 3 4 5 6
















µF1,2 = µR = µ
BLM
R
10 GeV < κΛ < κ
max
Λ,CMS; 35 GeV < κJ < κ
max
J,CMS
|yΛ| < 2.0 ; |yJ | < 4.7
√
s = 13 TeV
JETHAD v0.3.1









5 6 7 8
















µF1,2 = µR = µ
BLM
R
10 GeV < κΛ < κ
max
Λ,CMS ; 10 GeV < κJ < κ
max
J,CST
|yΛ| < 2.0 ; −6.6 < yJ < −5.2
√
s = 13 TeV
JETHAD v0.3.1









b) (Λ-jet) channel: CMS-jet (left) and CASTOR-jet (right) configurations
Figure 2: Y -dependence of the ϕ-averaged cross section, C0, for the two considered final
states (Fig. 1) in the NLA BFKL accuracy and for
√
s = 13 TeV.
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Figure 3: Y -dependence of several azimuthal ratios, Rnm ≡ Cn/Cm, in the (Λ-Λ) channel
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Figure 4: Y -dependence of several azimuthal ratios, Rnm ≡ Cn/Cm, in the (Λ-jet) channel




s = 13 TeV (CMS-jet configuration).
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Figure 5: Y -dependence of several azimuthal ratios, Rnm ≡ Cn/Cm, in the (Λ-jet) chan-




s = 13 TeV (CASTOR-jet
configuration).
21
2 3 4 5 6


















µF1,2 = µR = µ
BLM
R
10 GeV < κΛ < κ
max
Λ,CMS; 35 GeV < κJ < κ
max
J,CMS
|yΛ| < 2.0 ; |yJ | < 4.7
√
s = 13 TeV
JETHAD v0.3.1
proton(p1) + proton(p2) → Λ(κΛ, yΛ) + X + jet(κJ , yJ)
NLA
DGLAP
2 3 4 5 6


















µF1,2 = µR = µ
BLM
R
10 GeV < κΛ < κ
max
Λ,CMS; 35 GeV < κJ < κ
max
J,CMS
|yΛ| < 2.0 ; |yJ | < 4.7
√
s = 13 TeV
JETHAD v0.3.1
proton(p1) + proton(p2) → Λ(κΛ, yΛ) + X + jet(κJ , yJ)
NLA
DGLAP
a) (Λ-jet) channel: CMS-jet configuration
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Figure 6: Comparison of BFKL and high-energy DGLAP predictions for the two az-
imuthal ratios, R10 and R20, as functions of the rapidity interval, Y , in the (Λ-jet) channel




s = 13 TeV. Upper (lower) panels refer to the CMS-jet
(CASTOR-jet) event selection.
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